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Abstract

A versatile, detection-only probe design is presented that can be adapted to any existing NMR or MRI probe with the purpose of
making the remote detection concept generally applicable. Remote detection suggests freeing the NMR experiment from the confinement
of using the same radio frequency (RF) coil and magnetic field for both information encoding and signal detection. Information is stored
during the encoding step onto a fluid sensor medium whose magnetization is later measured in a different location. The choice of an RF
probe and magnetic field for encoding can be made based solely on the size and characteristics of the sample and the desired information
quality without considering detection sensitivity, as this aspect is dealt with by a separate detector. While early experiments required
building probes that included two resonant circuits, one for encoding and one for detection, a modular approach with a detection-only
probe as presented here can be used along with any existing NMR probe of choice for encoding. The design of two different detection-
only probes is presented, one with a saddle coil for milliliter-sized detection volumes, and the other one with a microsolenoid coil for
sub-microliter fluid quantities. As example applications, we present time-of-flight (TOF) tracing of hyperpolarized '**Xe spins in a
gas mixture through coiled tubing using the microsolenoid coil detector and TOF flow imaging through a nested glass container where

the gas flow changes its direction twice between inlet and outlet using the saddle coil detector.
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1. Introduction

Remote detection NMR or MRI denominates the con-
cept of spatially and temporally separating the encoding
and the detection step of an NMR or an MRI experiment
[1]. The longitudinal spin magnetization of a fluid is used to
store and transport information about an encoding envi-
ronment or the fluid itself in this particular environment
between the two locations. After the encoding step, the flu-
id is physically relocated to the detector, where its spin
magnetization is read out. The encoding step can be any
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pulse sequence that alters the magnetization of the fluid
in a defined way, and therefore the encoded information
can be any property accessible with an NMR experiment,
for example a spectrum, an image, relaxation times, diffu-
sion constants, or flow velocity. However, with remote
detection, each encoding step stores only one data point
onto the fluid magnetization in a particular volume
element. As a result, the information contained in the
precession of transverse magnetization must be sampled
point-by-point in subsequent encoding steps. The situation
is different if instead of the evolving transverse magnetiza-
tion, the flow trace of the encoded fluid volume is of inter-
est. The latter can be measured transiently for each
encoding step as the fluid arrives at the detector, which
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defines a new class of time-of-flight (TOF) experiments for
direct flow tracing and characterization [2].

The information-bearing spins can be contained in the
analyte of interest, e.g., the '"H of a solvent or '*C of the
molecules of interest, or in external, inert tracer atoms like
129X e admixed to the sample fluid. In any of the cases, the
longitudinal magnetization must not fully relax during
the time it takes the fluid to travel from the encoding to
the detection location. As will be discussed later, longitudi-
nal relaxation of the encoded spins during the time of travel
will reduce the sensitivity of the remotely detected signal
accordingly.

The separation of the signal detection from the sample
location allows the optimization of the NMR encoding
environment without compromising on sample size and
information quality for the sake of detection sensitivity.
Signal read-out can be done by any method capable of sen-
sitively measuring the magnetization of the information-
bearing spins. For example, it can be inductive detection
using an RF coil, which is favorable at high magnetic fields.
It can be a magnetometer like a Superconducting Quantum
Interference Device (SQUID) [3] or an atomic magnetom-
eter [4,5] which scale favorably towards low detection
fields. Additionally, it can be a method specific to a certain
fluid, like spin-exchange optical detection [6] in the case of
129Xe or *He noble gases. Note that continuous wave RF
detection can be used as well without significant sensitivity
drawbacks in situations where the fluid has only a single
line whose position is known in advance [7]. In experiments
where the spectral information in the detection environ-
ment is not utilized and no time-resolved detection is
desired, the sensitivity can be enhanced by minimizing
the detection bandwidth, for example by using multiple
echo detection [8].

From theoretical considerations [9] as well as practical
experience, three situations are especially suitable for sensi-
tivity enhancement by remote detection. The first case is if
sensitive detection is not possible in a particular encoding
environment, for example when doing imaging experiments
at very low magnetic fields. A remote MRI experiment has
been done at an encoding field of 4 mT, where direct induc-
tive detection would not have provided sufficient sensitivi-
ty, and signal detection at a magnetic field of 4 T [1]. The
second case is NMR and MRI experiments in an environ-
ment with short transverse relaxation times, especially if
the magnetization cannot be refocused. This is an often
occurring problem with samples that have strong internal
susceptibility gradients like porous minerals [2]. Remote
detection can then be conducted in a separate location with
no significant susceptibility gradients. Even in cases where
the signal dephasing time is too short to allow for phase-
encoding, it is still possible to reconstruct image projections
by saturating the magnetization at the sample location with
slice-selective pulses and trace their spatial location from
the remotely measured signal. And the third case affects
samples that either have a low porosity [10] or contain
small channels in an otherwise bulky object, so the void

space containing the signal-inducing fluid and therefore
the filling factor is low. Examples are microfluidic chip
devices for handling of fluids in the nanoliter range
[11,12]. These chips usually have dimensions on the order
of centimeters, while the channels are in the micron range,
so that microcoils are required to achieve enough sensitiv-
ity per volume in NMR experiments [13,14]. While conven-
tionally NMR was done using small surface coils, or the
chips were modified to accommodate a microcoil at a spe-
cific location, remote detection allows the use of an imag-
ing probe for signal encoding that houses the whole chip.
A microcoil wound around the outlet capillary tubing
can then be used for detection [12]. Not only is the use of
a large encoding coil convenient as the NMR probe does
not have to be custom designed for each chip, but it also
opens up new possibilities to study chips of complex
three-dimensional geometries in which some channels are
not close to the chip’s face and therefore not approachable
with surface coils.

Apart from sensitivity improvements, remote detection
inherently employs fluid flow between the encoding coil
and the detector. This flow can itself be studied with a
TOF experiment, where the arrival of the fluid at the detec-
tor is recorded either transiently or stroboscopically. The
TOF dimension can be correlated with the indirect dimen-
sions that are encoded point-by-point to trace the flow field
in porous media [2] or microfluidic devices [11]in combina-
tion with image encoding sequences, or, by encoding spec-
tral information, to distinguish the flow of different phases
by their chemical shift [15].

The first proof of principle experiments at high magnetic
fields were done with dedicated home-built probes that
accommodated two separate RF coils, one designed for
the particular sample of interest to do the NMR encoding,
and the other for detection [1,10]. Such an approach
requires the construction of a new probe for each type of
sample and experiment. For a more general availability
of remote detection, an easily adaptable and versatile hard-
ware design is desirable which requires as few custom mod-
ifications to an existing setup as possible. We developed for
this purpose the concept of an auxiliary, detector-only
probe that can be used along with any probe that is ade-
quate for encoding in a particular experiment. We discuss
design considerations relevant for this kind of probe and
present two different implementations, one optimized for
small fluid quantities using a microcoil and the other for
universal applicability with larger fluid quantities.

The discussion of sensitivity with remote detection con-
tains two largely different aspects. The first is the theoreti-
cal sensitivity enhancement afforded by a particular
combination of encoding probe and remote detector, which
is best expressed by the signal-to-noise ratio (SNR) in an
identical test experiment with both probes. The second
aspect is the actual sensitivity enhancement obtained in a
real experiment, which not only depends on the compari-
son between the SNR of both probes, but also the timing
of the data acquisition, the flow properties of the sensor
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fluid, and the longitudinal relaxation times of the spins
contained in this fluid [9]. A balanced discussion in this
case is possible using the SNR per square root time as
the relevant quantity [7]. We summarize the relevant
aspects of a sensitivity discussion for comparing direct
and remote detection, with the focus on assessing different
probes.

2. Probe design

The probe design principles discussed here are specific
for encoding and detection in the same magnetic field.
Although remote detection NMR is not confined to using
the same magnet for encoding and detection, such a setup
has many practical applications [2,10-12,15]. Especially at
high magnetic fields, many sophisticated probes for various
tasks are readily available. Rebuilding all these probes for
use with remote detection by integrating a second RF cir-
cuit would be a tedious task that would certainly prevent
many researchers from considering this approach. Also, it
is not trivial within a series of home-built probes to repro-
duce features such as multiple channels including a field-
frequency lock channel, temperature control, and built-in
field gradients, which are available in many commercial
probes. However, the feature list for an optimal detection
circuit is much less extensive. As most probes designed
for liquid-state experiments or for imaging have open
access at least from one side, it is inviting to design a sep-
arate probe only for detection to be used simultaneously
with a conventional probe that is then used only for encod-
ing. Such an auxiliary, detection-only probe can be mount-
ed right at the open front of the existing probe (Fig. 1). As
this would block the free sample access to the encoding
probe, the detection probe needs to include a mechanism
to hold the sample and the flow tubing, which is then
inserted into the magnet together with the detection probe.
The detection coil needs to be as close to the front of the
probe as possible to allow the two coils to be close to each
other. This is necessary as both RF coils need to be accom-
modated within the sweet spot of the same magnet, since
outside this sweet spot the field falls off very rapidly. Fur-
thermore, by placing the two coils close to each other,
unwanted fluid dispersion between the encoding and the
detection step can be minimized, and fluctuations of the
flow rate add less noise to the encoded signal [9].

Most high-resolution probes have no space for access
inside the probe body. In this case, the detector-only probe
has to be placed from the top of the magnet, and the tubing
or glassware that pipes the fluid and either contains the sta-
tionary sample or is connected to it has to be designed such
that the fluid can enter and exit from the same side. Alter-
natively, microimaging probes with a clear bore facilitate
the insertion of the detection probe as well as the flow tub-
ing either from top or from underneath and also allow the
placement of the two coils at an almost arbitrary distance
from each other. Figs. 1a and b show schematics of both
setups.

As the encoding step addresses the same nucleus that
will ultimately be detected, care has to be taken to ade-
quately decouple the encoding and detection RF coils,
which must be tuned to the same resonance frequency. Sig-
nificant cross-talk between them would not only increase
the noise level, but each detection pulse would also induce
a pulse on the encoding coil, causing artifacts that are dif-
ficult to handle. The most basic measures to avoid cross-
talk are to insert an RF shield and to orient the two coils
perpendicular to each other to minimize an overlap
between their respective RF fields. In most cases it is sim-
pler to encase the detection coil in a shield, as this is usually
the smaller of the two coils and because disturbances of the
B field to a certain degree caused by the shield are more
acceptable for detection than they would be for encoding.
However, it is generally necessary to compromise some-
what on the shield as well, as there must be some tubing
connecting the active volumes inside the two coils for the
fluid, which typically requires the shield to be pierced. This
problem becomes more pronounced with higher RF fre-
quencies, bigger coils, and larger tubing. If a shield is not
sufficient to decouple the two coils, one could additionally
employ active methods like a Q switch that reduces the
quality factor, Q, of the detection circuit during encoding,
and the Q of the encoding circuit during detection [17]. The
usual problem of inducing additional ringing by the switch-
ing is not of major importance here, since the encoding and
the detection pulses are separated in time, and switching
can be done well before a pulse is applied. Also, care has
to be taken that each circuit is properly grounded to avoid
current loops that couple the two circuits. The proximity of
the detection probe to the encoding volume can lead to
additional artifacts if eddy currents are induced in the
RF shields around the detector coil by fast switched, high
amplitude gradients. However, the cylindrical copper
shield that encloses the saddle-coil detector probe in our
setup does not lead to noticeable eddy current artifacts
for our experimental conditions. We tested this by compar-
ing 2D spin warp images acquired in the absence and pres-
ence of the auxiliary detector probe, where the switching
interval and the strength of the employed gradients were
comparable to our remote detection experiments, and
found that the images were indistinguishable (Fig. 2).

As remote detection necessarily involves fluid flow, one
must pay special attention to avoid mechanical instabilities
of the probes, which affects the reproducibility of an exper-
iment (#; noise) [9]. Two different approaches are used in
the following to suppress such problems. The first uses a
coil that has a larger inner diameter than the outer diame-
ter of the tubing that pipes the fluid from the encoding coil
to the detector. In this case the tubing never touches the
coil or any supporting structure of the coil. The filling fac-
tor of the fluid is not optimal, but small vibrations of the
tubing are not immediately transferred to the coil. The sec-
ond option uses tubing that is rigidly mounted on either
side of the detection coil and therefore can serve as a mount
for the coil, which is wrapped directly onto the tubing.
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Fig. 1. Schematics of detection-only probes. (a) Sketch of a detection-only probe that contains a saddle coil, allowing the use of straight flow tubing to
connect the outlet of the sample and the detection volume. The detection probe is mounted on top of a microimaging probe with an end-to-end bore,
which is used for encoding. (b) Sketch of a detection-only probe that contains a microsolenoid coil. This probe is inserted from the bottom into a micro-
imaging probe. On top of the detection probe, inside the encoding coil, a microfluidic chip device is mounted. (c) The left photo shows a detection-only
probe (1) together with a packed sandstone sample (2). This sandstone was attached to the flow tubing. Probe and sample were inserted from the top into
the imaging probe. The upper photo on the right shows a microchannel sample (3) that was mounted in a Teflon frame on the copper shield of a detection
probe (4). This assembly is inserted from the bottom into the microimaging probe. The lower photo shows the same probe with the copper head removed,
exposing the microcoil and its mounts. Not shown are the two Teflon blocks that are used to stabilize the coil during an experiment.

In this case, the filling factor and therefore the sensitivity is
optimized, however the flexibility is compromised as it is
not as straightforward to switch the tubing in order to
change the diameter of the flow channel.

The effect of instabilities of the tuning and matching on
the transfer function of the detection circuit increases with
its Q. Such instabilities can originate from vibrations of the
coil as well as a change of the sample impedance, caused
for example by instabilities of the flow due to bubbles or
pressure fluctuations. Slightly lowering the Q or overcou-
pling the detection circuit can help to reduce this type of
noise.

3. Sensitivity discussion

An established measure for sensitivity, which includes
the total time required to encode and detect the desired
information, is defined as the signal-to-noise ratio (SNR)
per square root time, s/(c,\/fp). s =moV, is the signal
amplitude, where my is the net magnetic moment of all
the spins in the detection volume contributing to the signal,

and V) is the detector-dependent signal per unit magnetic
moment. ¢, = \/Afp, is the r.m.s. noise amplitude, where
Af'is the detection bandwidth and p,, is the square root of
the frequency-independent power spectral density of the
thermal noise [7]. We will use the time to acquire one
encoded data point, f,, as the reference time duration,
which has the advantage that only a minimum of assump-
tions regarding the encoding sequence must be made. This
is because a single, directly detected data point can be,
without further processing, compared with the correspond-
ing encoded data point using remote detection. Super-
scripts d and r are used for the following equations to
distinguish between the parameters in an experiment with
direct, transient detection and remote detection,
respectively.

To characterize the sensitivity of a particular detector,
the quantity Vy/p,, which is independent of experimental
parameters, is used. For sensitivity comparison, a test
experiment is used that consists of a hard ©/2 pulse and a
subsequent free induction decay (FID) that is divided into

M equally spaced data points between 0 and tgq, recorded
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Fig. 2. 2D spin-warp images of grapes using a commercial imaging probe in the absence (a) and presence (b) of the auxiliary, saddle-coil detector probe to
determine whether the close proximity of the imaging and the remote probe has an influence on the image quality (details about the probes are described in
the experimental section). A xz-cross sectional image with 2 mm slice thickness along the y direction is acquired, where z is the vertical direction and x, y
the horizontal directions. A field of view of 55 mm and 256 pixel along the z direction, and a field of view of 30 mm and 128 pixel along the x direction were
chosen. The image artifacts appearing at the upper edge along the z direction in both images are due to B; inhomogeneities at the coil rim of the imaging

probe.

with quadrature detection, on a sample exhibiting a single
line. In an experiment with direct, transient detection, M
data points are recorded during each repetition of the
experiment, therefore the time to record one data point is
the interval between subsequent repetitions of the experi-
ment, £, divided by M, 5 =1, /M. As detailed in [7],
one usually sets AfY = M /s , which is the inverse of the
dwell time of the data acquisition, and then the sensitivity
can be described by

sy _ miVi/p

,/M/tgq,/tfep/M_ 1./ tag . Y

To detect the same data point remotely, the transverse
magnetization must first be stored as longitudinal magneti-
zation with a n/2 pulse, then the fluid has to flow to the
detector, where its longitudinal magnetization containing
the encoded information is read out. Only one data point
is encoded with each repetition of the experiment, thus
th = lrp,- With inductive detection at high field, remote
detection is typically done with a /2 pulse and subsequent
recording of the FID on the detection circuit, and the sig-
nal is obtained as the peak amplitude, S*, after Fourier
transform of the FID. The SNR is simply the ratio of S*
and the off-resonant noise in this spectrum, o}. The band-
width that determines the noise can be made much narrow-
er with remote detection than with direct, transient

sensitivity! =

detection. If the purpose of the detection step is to measure
the total magnetization of the spins in the detection volume
without considering any spectral information, the sensitiv-
ity of the remote detection step can be optimized with a
matched weighting function, where the signal is multiplied
with its own envelope. This gives a filter time constant of
T3/2 instead of the dwell time, and a bandwidth in the fre-
quency domain of AF" = 2/T5. The SNR in the frequency
domain is equal to the SNR in the time domain if the data
is recorded with the same bandwidth, Af" = 2/T7%. To per-
form the sensitivity discussion in the time domain helps lat-
er to define a simple procedure of rating the relative SNR
of remote versus encoding probe.

Because remote detection is a point-by-point detection
method, only one phase component of the transverse mag-
netization is stored at the end of each encoding step. In
order to obtain a complex data point, each encoding step
has to be performed twice, the second time with a storage
pulse that is phase shifted by 90° compared to the first
one. This effectively doubles the duration of an experiment
with remote detection, and therefore reduces the relative
sensitivity compared to the direct experiment by a factor
V2.

Other factors influencing the sensitivity with remote
detection include the longitudinal relaxation of the spin
magnetization of the sensor fluid during flow and the dilu-
tion of encoded with unencoded fluid. Both of these effects
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cause m}, to be reduced compared to mJ. A relaxation term
can be introduced as ¢ = exp(—tyav/T}), Where t,, is the
time it takes the fluid to travel from the encoding to the
detection coil, and 77 is the longitudinal relaxation time
of the sensor fluid in the tubing that connects the encoding
and the detection volume. Longitudinal relaxation in both
the encoding and detection coils can occur at different
rates, so that the fluid in the outlet of the encoding region
will relax for a different time than the fluid that has to cross
the entire encoding region. A quantitative discussion
depends on the fluid and the sample to be studied [9], but
this is not considered here.

When discussing the sensitivity of remote detection, it is
also important to consider the relationship between the
flow pattern and the flow dispersion during the travel time,
as these cause dilution of the encoded spins and therefore
influence the optimum choice of detection intervals. The
flow dispersion of the encoded spin volume along the main
flow direction is much larger for laminar, parabolic flow
than for turbulent, plug-like flow. While for parabolic flow,
the average flow velocity is at 50% of the maximum flow
velocity amplitude occurring at the center of the tube, for
plug flow pattern this average lies at 77-87% of the maxi-
mum velocity. The latter results in significantly smaller dis-
persion of the encoded fluid along the flow direction, and
therefore the encoded spins are replenished faster within
the detector. To simply quantify the sensitivity, a dilution
factor ¢ can be defined as the fraction of encoded fluid
in the detection volume. The effect of dilution on sensitivity
can be minimized by adjusting the detection volume to the
volume of the diluted encoded fluid volume, i.e. multiply-
ing the detection volume by ¢ '. Here, we simply assume
that the detection volume is matched to the volume of
the encoded fluid, and then my is scaled by ¢ <1 to finally
become mj = p¢m, where also the relaxation term ¢ is
taken into account. The sensitivity with remote detection
is then

S/Py o ppmiVi/pry
V2/T frep NN

rep

sensitivity’ =

(2)

Not considered in this expression is the higher susceptibil-
ity of remote detection to multiplicative or #; noise, which
affects the reproducibility of an experiment [21]. The fact
that multiplicative noise is proportional to the signal re-
sults in an upper limit for the SNR with remote detection.
Once this SNR is reached, increasing m, for example by a
better pre-polarization of the sensor fluid, does not change
the sensitivity anymore as long as the source of the #; noise
is not reduced. Particularly the presence of fluctuations of
the fluid flow rate causes a capping of the achievable sensi-
tivity, and increasing my in fact reduces the sensitivity
enhancement of remote detection [7]. However, this type
of noise does not change the potential sensitivity enhance-
ment with remote detection when working at the detection
limit of the probes. Therefore, it is not considered in the
following discussion which attempts to quantify the

relative sensitivity at the limit of a very low SNR with
direct detection.

Using Egs. (1) and (2), the sensitivity of remote versus
direct detection compares as

sensitivity’ s/ p! fep T, A | t,T5
sensitivity!  s¢/pd \/ 221\ 244, 2\ 2608

This equation includes the ratio of the absolute sensitivity of
the detector to that of the encoding coil,
A= Vy/pt)/(V§/pd), the previously discussed dilution of
magnetic moments due to relaxation and flow dispersion,
the bandwidth, the experimental time and the fact that two
acquisitions are needed in order to obtain a complex data
point with remote detection. This shows that the sensitivity
enhancement of remote detection compared to direct detec-
tion is usually less than the factor given by the detector
dependent term A. However, A is the one term in Eq. (3) that
includes only properties of the two detectors that are to be
compared, while none of the other terms are dependent on
the specific detector. Therefore A is used to assess the poten-
tial sensitivity enhancement of a particular probe combina-
tion. This can be determined by comparing both probes
using identical test experiments and the same sample. Note
that this procedure is only applicable if the signal dephasing
time is identical in both probes. If this is not possible to
achieve, one can compare the intensity of the first data point
of the FID (or, equivalently, the integrated signal of the spec-
trum), divided by the respective r.m.s. noise amplitude. If the
number of scans for the experiments with the remote and the
encoding probe, n" and n“ respectively, are not equal, the sen-
sitivity of both probes needs to be normalized by dividing the
SNR by /n. Likewise, if a different sample volume is used in
the two probes, the SNR has to be divided by this volume
such that the sensitivity of both probes is normalized to
the same volume.

With inductive detection, the absolute sensitivity
increases with the total number of signal carrying spins,
which is typically proportional to the sample volume, while
the SNR per unit volume decreases with the square root of
the coil volume (V) or linearly with the coil diameter [16],
as discussed previously [9,10], if detection frequency, band-
width and temperature remain the same. The SNR of an
LCR tank circuit is proportional to

SNRcr o mg4/ 5 o« myB; o @ 4)

too

The second and third proportionality in Eq. (4) allow for
the estimation of SNR from the strength of the RF field
(By), which is inversely proportional to the m/2 pulse
length, 90, for a given RF power level, in agreement with
the principle of reciprocity [16]. This suggests a particularly
simple method to determine the relative sensitivity of the
two circuits in a remote setup as

_Vilen
Vg/pﬂ 9

(5)
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According to the first proportionality in Eq. (4) the main
factor to consider when designing a remote detection coil is
the optimal detection volume, V4. The maximum sensitivi-
ty is obtained when all the encoded fluid is collected and its
magnetization read out in one step. However, during its
flow from the encoding to the detection volume, it usually
gets partially diluted with unencoded fluid as discussed
above. One has to distinguish experiments with homoge-
neous and inhomogeneous encoding. In the first case, all
the fluid in the whole encoding volume is encoded with
the same information, while in the second case, spatially
variable information is encoded. In the homogeneous case,
it is not necessary that the longitudinal magnetization of all
the encoded fluid is read out during detection. It is only
necessary that the time between subsequent encoding steps
is long enough that none of the fluid gets encoded twice to
avoid artifacts. Depending on the profile of the fluid flow
through the detection volume, it may be advantageous to
cut off the leading and the tailing edge of the arriving fluid
for optimum sensitivity, as fluctuations in the flow rate
have a stronger effect on the detected signal in those regions
of the flow curve [9]. On the other hand, if the encoded
information is inhomogeneous, all the encoded fluid has
to be read out in order to avoid spatial artifacts, even
though this may somewhat reduce the sensitivity because
there will be some mixing of the encoded with unencoded
fluid, and a larger detection volume, V4, compared to the
encoding volume, V},, is required.

The optimum choice of Vg4 is more complicated in a
TOF experiment. In short, V4 should be matched with
the desired time resolution, Az, which relates to the volu-
metric flow rate, ¢, as

q
Va= A (6)
This assumes that detection is done stroboscopically with a
train of detection pulses spaced by Az. Ideally At is adjusted
so that all of the fluid within the detection volume gets re-
placed between subsequent detection pulses, but at the same
time no fluid passes the detector without being read out.
These two conditions can only be met at the same time for
ideal plug flow inside the detector, where the flow velocity
is nearly uniform across the tube diameter. If a gas is used,
this velocity may be averaged out during At if the diffusion
across the tubing cross-section is effective, which requires a
sufficiently small tubing diameter. To avoid artifacts, espe-
cially in imaging experiments, one has to make sure that
no encoded fluid passes the detection volume without being
read out. Therefore it is usually advisable to select Af some-
what shorter than ¢/ V. If the flip angle of the detection pulse
is set carefully to ©/2 and the RF field, By, of the detection
coil is homogeneous across the detection volume, the errors
from spins that experienced two detection pulses is small.
But if the fraction of fluid that is replaced between detection
pulses is too small, the noise increases disproportionately.
As a rule of thumb, Ar should not be shorter than half the
average time it takes for the fluid to flow through the

detection volume, i.e. ¢/2Vy < At < q/Vy4. This lower limit
value can be determined experimentally as the zero crossing
in an inversion recovery experiment on the detection coil
while the fluid is flowing. As Az in a TOF experiment is
typically short compared to the 7 of a target nucleus, the
measured “‘recovery time” corresponds in fact to the time
it takes to replace the fluid in the detection coil. As long as
the sensitivity is good enough that the coil dimensions do
not need to be fully optimized, the time resolution can be
changed by adjusting the inner diameter of the tube using
an inset on the length of the detection coil to reduce V.
However, in experiments that are operating at the absolute
limit of sensitivity [11], the optimized dimensions have to
be determined in advance for the flow rate that is to be used.

Another aspect that is primarily of importance with
TOF experiments is the type of detection coil to be used.
To minimize the impact of the tubing on fluid dispersion
between the outlet of the encoding volume and the detec-
tor, and to ensure simple sample and probe handling,
straight tubing would be desired. But this requires a coil
with its field direction perpendicular to its axis such as a
saddle coil or a birdcage coil (see Fig. 1a). These coils are
not only difficult to make for coil diameters less than
5mm, but also significantly less sensitive than solenoid
coils [16,17]. The latter, however, require a bend in the tub-
ing, as their axis is perpendicular to the bore of the magnet
in the case of a common superconducting magnet (see
Fig. 1b). Each option was implemented in one of the
probes described next.

4. Detection probe with milliliter range detection volume

The first probe built with this modular approach was
designed for maximum flexibility, with flow and imaging
experiments of porous media in mind. Such materials often
show substantial internal field gradients due to the magnet-
ic susceptibility of the solid matrix, causing short trans-
verse dephasing times, which are especially difficult to
refocus for gaseous fluids, among others, due to the strong
presence of incoherent flow and fast diffusion across the
pores that lead to incoherent phase losses. The application
of remote detection can permit a sensitivity advantage for
such systems of up to an order of magnitude even with
equally sensitive encoding and detection coils [9].

The probe employed a saddle-shaped coil that could be
used with straight tubing up to 1/2 in. outer diameter with-
out touching the coil (Fig. 1a). This coil was mounted on a
cylindrical support (Kel-F plastic) with four grooves
carved in parallel to the axis to support the wire. The coil
was enclosed by a grounded copper shield to isolate it from
the encoding coil. An aluminum tube encased the whole
length of the probe and served as a shield for the rest of
the circuit. In the present configuration, the upper rim of
the encoding coil was about 2.5 cm away from the fore-
front of the detection coil. This design is adaptable to basi-
cally any encoding probe that is open on one side. In
addition to this generic design, a support cylinder
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(Teflon plastic) that fitted snug on the outside of the alumi-
num tube of the detection probe and the inner bore of the
gradient stack was built according to an inverse imprint of
the available space to hold the probe centered and mechan-
ically stable. The sample could be mounted at the end of
the tubing right below the detection coil using, for example,
a threaded connection (Fig. 1c). Sample and detection
probe then could be inserted into the magnet together, after
the encoding probe had been mounted inside the magnet
independently.

Using variable capacitors (Polyflon, Norwalk, CT),
which were placed on a support in the body of the detec-
tion probe, the circuit could be tuned over a range of fre-
quencies that covered both '**Xe and '*C nuclei, so that
shimming could be done using a stationary '*C-enriched
liquid sample instead of '**Xe gas.

5. Detection probe with microliter range detection volume

A second remote detection probe was built for the pur-
pose of optimizing sensitivity of small sample volumes
below 1 pl. It was designed specifically to be used with an
open-bore microimaging probe, into which it was intro-
duced from the bottom (Fig. 1b). A microsolenoid detec-
tion coil was wrapped directly around a supporting
polyimide sleeve (Fig. Ic) and additionally stabilized exter-
nally by a solid mount to avoid vibrations induced by the
flowing fluid. This was done with a holder made of two
pieces that, when screwed together, formed a block with
a channel having an inner diameter corresponding to the
outer diameter of the detection coil. Also, a robust copper
head was used as a shield for the coil and as a mechanical
brace to stabilize the various parts of the head of the probe
including the coil-stabilizing block. The high shielding fac-
tor of this head allowed the minimization of the distance
from the detection coil to the rim of the encoding coil to
about | cm. Furthermore, the copper head served as a
mount onto which the microdevices could be attached,
ensuring good reproducibility of this configuration in
repeated runs of an experiment.

A special requirement with microfluidic devices is that
fluid reservoirs are to be avoided between the outlet of a
device and the detection coil, as they cause additional fluid
dispersion that does not contain any information about the
sample of interest [11]. Such reservoirs also reduce the sen-
sitivity, particularly in TOF experiments, because they
cause additional mixing of encoded and unencoded fluid.
Connections that do not provide a smooth transition
between the tubing and a device outlet are especially prone
to such reservoirs.

6. Results
6.1. Microsolenoid coil detector probe

We present basic remote detection experiments in order
to demonstrate the performance of the auxiliary,

microsolenoid coil detector probe in combination with a
standard, commercial imaging probe. The first experiment
was to determine the expected and the actual sensitivity
enhancement from remote detection. For '**Xe, 70 of the
imaging coil was a factor 127 longer than #9, of the
microsolenoid coil at the same RF power level. Therefore,
according to Eq. (5), the probe-dependent part of the sen-
sitivity enhancement was A = 127. To verify this result, the
intensities of the directly detected signals using the imaging
probe versus the microsolenoid coil probe were compared
for the same fluid volume with a continuously flowing car-
rier fluid. For this purpose a tube with 0.4-mm inner diam-
eter was placed straight through the imaging coil with a
length of 40 mm and then through the detection coil with
a length of 5 mm. Therefore the fluid volume in the imag-
ing coil (5 pl) was a factor 8 larger than in the detection coil
(0.6 ul). Using the imaging coil, a SNR ratio of 8.0 was
obtained in an experiment with 10,000 scans and a total
acquisition time of 53 min. To determine the SNR, an
exponential apodization function corresponding to a line-
width of 200 Hz was used to minimize the effect of different
signal decay times in the two coils. Especially in the
microsolenoid coil, this decay time is largely determined
by the outflow time of the fluid from the coil, which is dif-
ferent from the signal decay time in the imaging coil. Using
the microsolenoid coil, the SNR was 6.9 when 16 scans
were co-added taking 5s for the total acquisition. When
comparing the SNR per square root of the number of scans
for a given fluid volume, the detector sensitivity was found
to be better by a factor A = 176. The discrepancy from the
value obtained through measuring the 79y ratio may be
because of the large error in determining the SNR of the
experiments using both probes and the uncertainty in
determining the length of the microcoil to only one
significant digit.

The same experiment was performed with remote detec-
tion, where encoding was done using the imaging probe
and detection was done with the microsolenoid probe.
The remotely detected spectrum was acquired using 16
scans and 128 points along the encoding dimension within
a total experimental time of 8 min, yielding a SNR of 15 for
a 0.6 pl volume of hyperpolarized '*Xe gas. Therefore, if
equal volumes are compared, the total SNR gain per
square root of experimental time amounts to 39-fold with
remote detection (Fig. 3a). The discrepancy between this
value and the detector dependent sensitivity gain, A,
reflects the influence of the different parameters in Eq. (3)
on the sensitivity enhancement. While ¢ and ¢ both were
close to unity and r ~ 1, T was significantly shorter
than 7 . In addition, fluctuations of the flow rate during
the time course of the experiment, which introduce multi-
plicative noise, can significantly diminish the sensitivity.
This can be quantified by comparing the noise level of
the remotely detected spectrum with the noise level of a sin-
gle acquisition with the remote probe. If the two noise lev-
els are not identical, the difference can be accounted for by
multiplicative noise. In our setup, the noise level of the



268 S. Han et al. | Journal of Magnetic Resonance 182 (2006) 260-272

inflo

direct detection

imaging probe &

1

LLLLY

remote detection

detector probe

T T T T
-10 -5 0 5 10

—— 129Xe NMR frequency [kHZ]

f

0 20 40 60 80 1

00
tror [ms]

Fig. 3. The performance of the '**Xe microsolenoid detector probe was tested by 1D remote detection spectroscopy and 1D time-of-flight tracing, where
information was encoded in the commercial imaging probe. (a) Comparison of 1D '*Xe NMR spectra encoded in the imaging probe and directly detected
with the imaging probe (top) versus remotely detected with the microsolenoid coil (bottom). A 39-fold sensitivity enhancement was obtained per same spin
volume with remote detection. (b and c) 1D time-of-flight tracing of '?°Xe spins that were inverted in the imaging probe. (b) Schematic experimental setup,
where spiraled tubing with 0.8 mm inner diameter was placed in the large imaging coil and subsequently fed through the microsolenoid coil. The tubing
was twisted into three loops and placed in the imaging coil so that the upper part of the tubing lied outside the imaging coil region. The dips in the travel
time curve in (c), labeled with numbers 1-4, were caused by spins that were located inside the imaging probe during the encoding step, and therefore their
magnetization was inverted. However, the measured signal does not get inverted due to mixing of the encoded with unencoded spins.

remotely detected spectrum was about 2-fold higher com-
pared to the directly detected spectrum using the remote
detector, indicating that multiplicative noise contributed
significantly to the reduced sensitivity gain by remote
detection.

The next basic experiment was a 1D TOF flow tracing of
inverted '**Xe spins as they travel from the imaging probe
through 0.8 mm inner diameter plastic tubing to the detec-
tor probe, where a coil of 2 mm inner diameter was used.
The tubing was coiled into three loops and placed inside
the imaging coil such that part of the loops were located
outside the resonator as indicated in the sketch of
Fig. 3b. A series of 60 detection pulses with 2 ms intervals
was applied. This resulted in a characteristic travel time
curve with four local minima and three local maxima
(Fig. 3c) because only the spins located inside the RF coil
of the imaging probe at the time of encoding were inverted
by the © pulse applied at ttor = 0 with the encoding coil.
The reason why we do not observe inverted spins at the
detector is due to significant mixing of the encoded (i.e.
inverted) with unencoded spins, which most likely can be
attributed to incoherent flow patterns that can be caused
by liquid holdup or flow rate fluctuations.

6.2. Saddle coil detector probe

As an example experiment for a saddle coil probe setup,
a TOF experiment to visualize gas flow through a glass ves-
sel with cylindrical symmetry is presented, where a fluid has
to change its direction twice as it flows from the inlet to the
outlet. A side view of this object is shown in Fig. 4a. The
fluid flow can be traced by inverting the spin magnetization
in a specific volume inside the encoding coil and recording
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Fig. 4. (a) Cross-section of the cylindrical phantom containing connected
chambers that lead the fluid along a curved pathway from the inlet to the
outlet. (b) Pulse scheme of a TOF remote experiment. The spin
magnetization is inverted slice-selectively during encoding by applying a
selective RF pulse in the presence of a field gradient (G,, G.). Detection is
done stroboscopically by applying a train of n/2 RF pulses as the fluid
flows out of the phantom. The inverted spins can be tracked by monitoring
their arrival at the detection location as a function of the encoding
location, which can be varied by changing the carrier frequency, w,,, of the
RF pulse.

the arrival of these tagged spins at the detection location.
As the arrival of the encoded fluid in the detector depends
on its flow path through the object, the detailed trace of the
flowing spins from any given slice or volume element can
be directly visualized if proper slice selection and/or
phase-encoding imaging techniques are combined with
stroboscopic detection [2]. This experimental approach to
measure hydrodynamic dispersion is similar to the tech-
nique of an initial narrow-pulse tracer injection, with the
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subsequent observation of the effluent concentration of the
tracer [18,19]. The difference is that using MRI techniques
the “point of injection’ can be defined non-invasively any-
where inside the porous medium. Equally important is that
the spin magnetization behaves like an ideal tracer, as it
does not affect the properties of the flowing medium.

A simple pulse sequence is shown in Fig. 4b. A selective
n-pulse in the presence of a linear field gradient inverts the
129%e spin magnetization within a slice of given thickness
and position in the sample. The fluid present in this slice
during the encoding step then travels through the object
to the detector, where the arrival of the encoded spins cause
a drop in spin magnetization, which is continuously moni-
tored by repeatedly applying ©/2 detection pulses and sub-
sequent recording of the free induction decay (FID). The
amplitude difference between each FID and the signal mea-
sured without applying an encoding sequence is propor-
tional to the amount of encoded fluid in the detection
volume. The thickness Ar of the encoded slice is given by
Ar = Aw/yG,, where Aw is the excitation bandwidth of
the selective pulse, y is the gyromagnetic ratio of the target
nucleus, and G,, is the amplitude of the field gradient. The
slice position r, relative to the center of the gradient coil is
determined by r,, = (@, — wo)/7G,,, Where wy, is the carrier
frequency of the selective RF pulse and o is the resonance
frequency of the target nucleus in the absence of a field gra-
dient. As indicated in the sketch of the flow vessel in
Fig. 4a, different slices may be selected by changing w,,
in the presence of a constant field gradient.

Fig. 5 shows the results of two TOF experiments with
slice-selective encoding. Slices either parallel or perpendic-
ular to the flow direction (z) were inverted during encoding
(Fig. 5a). The position of the slice was moved across the

whole sample along the indirect dimension of the experi-
ment. The detection pulses were spaced by Atz = 100 ms
intervals. Each slice was recorded four times, with the
position of the detection pulses shifted by 25 ms between
subsequent experiments. This interleaved data acquisition
allowed for a smoother representation of the TOF data
and corresponds to signal averaging, but as long as the
time between detection pulses is not longer than the time
it takes the sensor medium to flow through the detection
volume, the temporal resolution is not improved. The mean
arrival time of the spins at the detector and their dispersion
depend on the flow profile, the flow path, and the flow dis-
tance of the fluid. They therefore depend on the material
and the geometry of the stationary object as well as on
the viscosity and diffusivity of the fluid.

Contour plots of TOF measurements are shown in
Fig. 5b. The upper graph of Fig. 5b depicts the result of
an experiment with slices selected parallel to the flow direc-
tion. The flow trace through the innermost tube, which lies
closest to the outlet and therefore contains spin packets
flowing out most quickly, is nicely visible as a dark spot
in the slice through the center of the x cross section. Spins
flowing through the next outer ring are slower because the
cross-sectional area increases, while the mass flow rate is
constant. The flow curve at different positions of x show
how slices below and above the center contain, as expected,
spins with later arrival times around 0.5-2.5s. The spins
with arrival times >3 s originate from the outermost ring.

The two main characteristics of the flow profiles are
the average arrival time of the fluid and its spread or dis-
persion. The longer the time between encoding and detec-
tion is, the stronger are the influence of diffusion and the
distribution of local flow velocities, causing the spreading

Fig. 5. Time-of-flight vs. encoding position of gas flowing through a cylindrically symmetric glass phantom with large “pores” on the order of 1 cm
diameter, obtained with slice selective inversion of magnetization. The flow direction changes twice as the gas is flowing from inlet to outlet. Slices parallel
(upper) and perpendicular (lower) to the flow direction were inverted. (a) Cross-section of the object perpendicular to the inverted slices. The arrows in the
lower graph depict the direction of the gas flow. (b) Contour plots of the signal. (c) TOF signal of selected slices, as indicated by the dashed lines.
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of the arrival time. This broadening is also caused by the
acceleration of the gas as it switches over from a wider
into a narrower compartment of the glass object. The
lower graph of Fig. 5b shows the outflow pattern when
slices perpendicular to the flow direction were inverted.
The three straight patterns with two sign changes of the
slope represent the tube flow that changes it direction
twice because three counter-flowing streams are neighbor-
ing. Note that if a spatial dimension is plotted vs. TOF
the slope of the flow profile represents the flow velocity
in the direction normal to the plane of the slices. If a
material with unknown pore structure is analyzed, this
mean flow velocity allows to determine the local effective
porosity, which characterizes the fraction of well connect-
ed pores through which the fluid is flowing relative to the
total volume of the porous medium [18,20]. The slope in
the upper graph of Fig. 5b, where slices parallel to the
flow direction are traced, is only non-zero, i.e. has a lat-
eral component, at the points of inflection of the flow.

Hydrodynamic dispersion causes an initially narrow
slice of encoded spins to broaden, but the total number
of encoded spins remains constant. Therefore as the disper-
sion pattern gets broader, it also gets less intensive. If dis-
persion is strong, this may finally limit the time scale of a
TOF experiment when the signal decays below the noise
level. Another consequence of the decreasing signal intensi-
ty is that contour plots as used in Fig. 5b may be mislead-
ing, because they tend to suppress the width of a pattern if
at the same time its intensity is reduced. To avoid this, the
one-dimensional TOF trace of a particular encoding step is
a better representation to analyze dispersion (Fig. 5¢). In
the lower graph of Fig. 5c, one can see the arrival of fluid
from different compartments of the fluid vessel. All travel
time curves taken from different slices throughout the sam-
ple show multiple minima at different arrival times, up to
three corresponding to the three counter flowing fluid com-
partments. Note that interpretation of dispersion becomes
complicated as soon as there is more than one flow path for
the fluid. This can be seen in the lower graph of Fig. 5b at
an arrival time of about 4 s when the pattern splits in two
branches. One branch corresponds to gas that flows coher-
ently from the outer into the middle compartment, and the
other corresponds to gas that remains stationary for a
while at the bottom of the loop and exchanges only gradu-
ally with gas in the flow stream.

7. Discussion and conclusions

We have presented a versatile hardware approach for
the realization of remote detection NMR and MRI exper-
iments using a separate detection-only probe to allow
encoding using a standard probe with open access from
at least one side. In the presented case, the distance
between the two coils is kept as small as possible to fit both
coils inside the sweet-spot of a high-field magnet. The close
vicinity requires the two coils to be well shielded from each
other to avoid cross-talk. For this purpose, it is easier to

make a strong shield around the detection coil than to
modify the encoding probe to include a better RF shield,
because usually the detection coil is smaller and high reso-
lution is not of utmost importance for detection.

It is often not possible to obtain a good shim for the
encoding and detection volume at the same time, especially
if encoding is done with a microimaging probe whose RF
coil fills almost completely the volume of the sweet spot
of a typical high-field magnet and standard shim stack.
As a result, a compromise must be achieved that is specific
to the problem being studied. We typically inserted both
the encoding and the detection coil slightly off the center
of the sweet spot of the magnet—one of them above and
the other below the ideal position. We shimmed a given
volume in the encoding probe first. Then the detection
probe was shimmed while iteratively monitoring the shim
quality at the encoding coil. If higher sensitivity is required,
it may be necessary to shim the detection coil more careful-
ly at the expense of a reduced resolution of the encoded
information.

We have demonstrated how simple experiments can be
used to assess the potential for sensitivity enhancement of
a particular combination of encoding and remote detection
probe, and which factors must be considered in order to get
a balanced comparison. The presented experiments were
not carried out under highly optimized conditions, but rep-
resent realistic figures that can be expected when microcoil
probes are used for the detection of spins that have been
encoded using a conventional imaging probe. The ratio
of the SNR per unit volume for the two probes represents
usually an upper limit for the potential sensitivity enhance-
ment when a spectroscopy experiment is carried out with
remote detection. However, even for remote detectors like
the presented saddle coil probe without significantly higher
sensitivity, remote detection experiments can be greatly
beneficial if imaging experiments of fluids in porous media
with large internal susceptibility gradients are carried out.
This is because the more homogeneous remote detection
environment not containing the porous sample leads to a
correspondingly longer signal decay time.

We have shown that it is possible to construct probes
that can be inserted from the top or the bottom into the
magnet for the purpose of NMR and MRI remote detec-
tion. Many commercial imaging probes have open bore
access to the sample volume so that the detection coil could
be placed below the encoding coil. Inserting the detection
probe from below provides minimal stress on the sample
or sample vessel, while more space for the detection probe
is available if it is inserted from above. If the probe does
not have a clear bore, as is the case for most liquid-state
probes, the detection probe has to be placed above the
encoding probe.

Besides demonstrating the general applicability of our
detector design with commercial imaging hardware, we
also demonstrated the great potential of remote detection
for 1D time-of-flight flow tracing and 2D time-of-flight
flow imaging, where the transient flow dimension is utilized
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to obtain direct representations of the flow velocity and dis-
persion. This technique is also applicable to samples that
cause strong inhomogeneous line broadening, because the
detection is done in a location with no significant
susceptibility gradients. Even if the transverse relaxation
time at the encoding environment is too short to allow
for phase-encoding, spins originating from different slices
or volume elements can still be tagged and their flow path
and dispersion traced, allowing the imaging and tracing of
fluid transport through a variety of samples that conven-
tionally have been difficult to access.

8. Experimental

The experiments were performed on a Unity Inova spec-
trometer (Varian, Palo Alto, CA) with a 7 T superconduc-
ting wide-bore magnet (Oxford Instruments, Cambridge
UK). An actively shielded microimaging gradient stack
(Resonance Research, Billerica, MA) was used that pro-
duced pulsed xyz field gradients up to 100 G/cm. The
encoding and the detection probes were tuned to the fre-
quency of '*Xe (82.92 MHz). For encoding, a two-channel
('H and '*Xe) microimaging probe with a 25 mm diameter
sample bore was used (Varian). The rt/2 pulse length of the
129X e channel of the imaging probe was 140 us at a given
transmitter power—the RF power setting for all experi-
ments presented in this manuscript was equal and amount-
ed to approximately 100 W. The detection probes could be
tuned to '®Xe and '’C frequencies. Additionally, the
microsolenoid probe could also be used at 'H frequency
by exchanging the tuning and matching capacitors [12].

The saddle-coil-based detection-only probe had a coil
inner diameter of 16 mm and a length of 25 mm. The qual-
ity factor of this probe was measured to be 100, and it had
a 1/2 pulse length of 55 ps at the RF power used for the
experiments. The microsolenoid-coil-based detection-only
probe had a diameter of 36 mm at base, 29 mm at the head,
and a length of 560 mm. The microcoil was positioned less
than a centimeter below the lower edge of the imaging coil,
which corresponds to a distance between the center of the
imaging coil and the microcoil of 3 cm. The microsolenoid
coil that was used for the sensitivity discussion and the 1D
129X e remote spectroscopy experiment had an inner diam-
eter of 0.8 mm, and the one used for the 1D time-of-flight
experiment had an inner diameter of 2 mm. The quality
factor of the 0.8 mm coil probe was measured to be 66,
and it had a =/2 pulse length of 1.1 us at the RF power
of 100 W. The quality factor of the 2 mm coil probe was
measured to be 52, and it had a n/2 pulse length of 2.8 us
at the same RF power.

A Xe:Ny:He (1:10:89) gas mixture (Spectra Gases,
Columbia, MD) was used for the experiments. '**Xe,
which was present in natural abundance of 26.4% of the
total xenon concentration, was hyperpolarized with a com-
mercial polarizer (former MITI, Amersham, Durham, NC)
to approximately 10% nuclear spin polarization by spin-ex-
change optical pumping with rubidium vapor. The experi-

ments were performed in continuous flow mode, and the
gas was vented after it passed the detection coil. The pres-
sure was adjusted to about 7 bar in the pumping cell and to
1 bar in the phantom and the detection volume. The flow
rate of 0.6 standard-liter-per-minute (slm) was maintained
in the flow profiling experiment of the cylindrical glass
phantom using a constant pressure differential between
the pumping cell and the outlet valve as the driving force.
For the microcoil TOF experiment, a flow rate of 1 slm
was maintained at the inlet of the pumping cell. For this
experiment, the pressure differential between the pumping
cell and the location of the detector was much higher than
described above because the outflow pressure at the tubing
end was not controlled and restricted with a valve. This led
to substantial flow rate fluctuations, which explains the
large mixing of fluids observed in the features of the 1D
TOF result. For the experiments in the sensitivity discus-
sion, the flow rate at the pumping cell was maintained at
1 slm. A flow splitter was then used before the encoding
probe inlet to reduce the flow rate of the gas through the
microtubing to a value of 0.002 slm, allowing the flow rates
in the pumping cell and through the coil to be independent-
ly adjusted.
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